In this work, we present for the first time, two dimensional low loss single mode optical waveguides fabricated with EPO materials. The waveguide geometry has a rectangular shape and it is buried between two EPOCLAD layers. Its refractive index distribution has a step-index profile with an index difference of 8.6x10 -3 . Realized by polymer deposition, it consists mainly, of a stack of EPOCLAD/EPOCORE/EPOCLAD layers sandwiched between two thick glass substrates. The waveguide dimensions are: 3 x 2.2 μm 2 . A cleaved single mode optical fiber, dedicated to the visible range (658 nm), is used to perform all the optical characterizations. The structure demonstrates an overall insertion loss of 2.6 dB and a numerical aperture of 0.19. Such waveguides will be used to create standing wave interference pattern using a high reflectance mirror embedded at the waveguide exit. Sampling of the pattern using an array of nano-antennas deposited on top of the waveguide yields information about the spatial distribution of the electrical field inside the waveguide. Hence, the spectral content of the signal can be deduced and the developed architecture demonstrates a strong potential for spectroscopic applications.
INTRODUCTION
After the invention of the laser in 1960 1 , the studies on integrated optical devices have undergone a rapid evolution to cope with the evolution of the optoelectronic technology. Later on, the optical fibers fabrication technology was reworked to reduce their attenuation losses and the optical fibers were first proposed to optical communication in 1963 2 . Since that time, new materials and doping schemes were explored to improve the performance of these light transmission cables. In parallel to that trend, optical waveguides [3] [4] arose and the silicon micro-fabrication technology was adapted to realize these miniature structures and different architectures (strip loaded, rib, buried…) were implemented. Different materials are used to fabricate the optical waveguides. Among these are: glass, silicon, germanium and LiNO 3 . Recently, the polymeric materials acquired a large interest in the scientific area 5 , especially in microfluidics 6 , and they became largely deployed in the microfabrication of passive optical devices 7 . This is mainly due to their low cost, light-weight, non-wearability, flexibility and ease of shaping.
Among the commonly used polymeric materials, we can cite: Truemode Backplane polymer 8 , Ormocore/Ormoclad 9 , SU-8 10 and Epo materials 9 . Earlier reports about optical devices using Epo materials were for large dimensions elements and no one reported about tiny compact devices using Epo materials. In this paper, we demonstrate experimentally, the first report about the fabrication of single-mode, symmetric, low-loss rectangular optical waveguides using Epo materials. The fabrication technique and the optical characterization are presented with a highlight on the potential application of the developed device.
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Optical design
The designed optical waveguide has a width of 3 µm and a thickness of 2.2 µm. The refractive index of the Epocore material is 1.5972 at the wavelength of 658 nm, while the refractive index of the surrounding Epoclad material is 1.5886 at this same wavelength.
The waveguide is of buried type and it is fabricated by photolithopgraphy and thin film coating as detailed in the next section. The waveguide dimensions were optimized to ensure single mode operation at 658 nm and in the near infrared range as well, particularly at 780 nm.
Fabrication technique
Prior to fabrication, the process starts with cleaning the glass wafer with nitric acid of 100% concentration for a duration of 3 min. It is followed by cascaded rinsing in deionized water (DI-H 2 O), dried with nitrogen jet and enclosed in an oven for one hour at a temperature 200°C. This step is followed by cleaning in an ultrasonic bath involving the soap base of Deconex of 1% concentration for a duration of 45 min. Then, the cleaning step ends with DI-H 2 O rinsing. This extensive cleaning process is important to remove any contamination and to improve the adhesion between the Epoclad and the glass substrate.
Then, the waveguide fabrication process starts with the deposition of a thin Epoclad layer by spin coating that is baked following a standard backing process involving a gradual increase in the temperature from 50°C to 115°C. Afterwards, the wafer is cooled to room temperature before proceeding to UV exposure for a duration of 1 min with a dose of 15 mW/cm 2 . Then, the same baking/cooling process is applied for post-bake. The waveguide fabrication is continued with the deposition of a thin Epocore layer that is baked, cooled and exposed to UV for 30 sec and then, baked/cooled again. After this step, the waveguides are developed twice for a duration of 1 min and 45 sec in the developer "MR DEV 600 pur" followed by rinsing in DI-H 2 O.After this stage, the measured thicknesses for the resulting Epocore-Epoclad layers are 2.2 µm and 9.5 µm, respectively. Then, the waveguide fabrication is concluded with the deposition of the last Epoclad layer that is baked, cooled and exposed as well. Then, the standard baking/cooling step is executed. Afterwards, the resulting pattern of multi-layered structures is baked for one hour at a temperature of 140°C. In order to protect this polymeric stack of thin layers from over-hardening due to environmental conditions and from dust particles that might adhere to the surface, a glass wafer is glued on the multilayered structure and the whole assembly is cured in UV oven for four hours. The NOA83H glue is applied by spin coating to provide a uniform layer and any excess glue can be removed using a mechanical tool.
The process detailed so far has been optimized for the aspect ratio and the geometry and profile regularity since the single mode waveguides were successfully fabricated with a well-defined square shape. A schematic representation of the manufacturing process is presented in Figure 1 below. It is worth mentioning that an optional black layer can be deposited over the last Epoclad layer. This optional layer serves as a light absorber that suppresses parasitic stray light as implied by spectrometry application.
It is noteworthy that the cleaning with the nitric acid aims to clean the surface, while the cleaning with the Deconex soap base aims to improve the adhesion between the different layers. Moreover, the clean room humidity ratio is a critical parameter and it should be kept stable to guarantee repeatable results and avoid the appearance of bubbles in the polymer layers. Figure 2 shows a Scanning Electron Microscope (SEM) photo of a waveguide fabricated using the process detailed above.
Waveguide polishing
In order to reduce the insertion losses of the optical waveguide and reduce the scattering losses at both the waveguide input and output ports, polishing revealed to be an important step to accomplish before optical characterization. The deposited materials (in our case, the EPO layers) appear to be softer than the glass substrate evidencing either the need for confinement or the need for an adequate polishing approach. A proposed solution is to implement a sandwich structure where the EPO materials (Epocore and Epoclad) are integrated between two glass wafers and this set is polished all together.
In fact, polishing of the uncovered simple dies results in scratches in the polymer, delamination and destruction of the waveguides. It is obvious that the structures are not sufficiently protected against the hard treatment involved in the The polishing process starts with gluing the sample to a mechanical support using the WAX which is a type of high temperature glue that fuses at 140°C, dissolvable in acetone for later removal. A hot plate is used for heating the support and the glue. For a strong fixation, the mechanical support holding the glued sample is merged into cold water right after the application of the glue. Then, the die is ready for polishing. The polishing process starts with the use of a polishing film having a roughness of 30 µm. The sample is brought into contact with the polishing disk which revolves at a speed of 50 rpm until the die edge has been polished for the 30 µm polishing sheet. The later step is repeated typically for sheets of different roughness till the sheet of 0.3 µm roughness. By the end of the last sheet, the polished glass surface becomes very smooth with a surface quality comparable to optical mirrors.
To end up with the polishing process, the die-support assembly is heated again at 140°C to fuse the WAX and then, release the die. Finally, both the die and the support are merged into a bath of acetone to remove the residual WAX and hence, achieve a perfect cleaning for all the surfaces. Figure 3 gives a clear indication that due to the different mechanical properties of EPO materials and glass the roughness of the EPO sandwich is higher than that of the surrounding glass surface. In experiments that did not show any particular effect on coupling but if further improvement is needed, it is recommended to use immersion oil. 
OPTICAL CHARACTERIZATIONS

Optical setup
An optical setup has been implemented to characterize the optical waveguide detailed earlier in this research. A fiber pigtailed laser diode provided by Thorlabs (LP660-SF60) is used as optical source. It is driven by a current source (ILX LIGHTWAVE LDX-3412) and it emits at the wavelength of 658 nm. Light is transmitted through a single mode optical fiber cleaved at 90° to inject into the optical waveguide by endfire coupling as firstly proposed in 11 . Light transmitted through the optical waveguide is collected by an objective lens having a magnification of 25X (Leitz Wetzlar L25/0.22) and the transmitted light is measured using a calibrated optical powermeter (ILX LIGHTWAVE powermeter (OMM-6810B) used together with its silicon photodiode head OMH-6720B, integrating sphere type). Both the injection fiber and the objective lens are aligned using a five-axis micro-positioning system involving translation and angular positioners. An optical microscope is used for inspection and alignment purposes. 
Insertion losses
The measurements start with recording the reference reading pertaining to the power coming out of the injection fiber. Then, the power transmitted through the waveguide is normalized to this reference reading in order to estimate the insertion losses of the device under test. The experimental result reveals a typical insertion loss of 2.6 dB.
However, the fabrication process may involve errors and the acquired real dimensions may differ from the designed dimensions drawn on the layout mask, the device characteristics might be impacted and they may differ from one device to another. Hence, there is a strong need to quantify the impact of this error on the measurement, so repetitive measurements have been conducted. So, in order to confirm the aforementioned result for the insertion loss of the sandwich structure, a series of measurements have been carried out on different optical waveguides fabricated on the same die using the optical setup described above. The average insertion loss is found to be 2.33 dB and it is repeatable within ± 0.38 dB. A summary of the results is shown in table 1. 
Numerical aperture
Using the same optical setup, we can estimate the numerical aperture (NA) of the optical waveguide. Injecting light into the optical waveguide and removing the objective lens, we acquire a light spot on the screen placed at the waveguide exit. Measuring the distance of the waveguide-to-screen and the light spot diameter, we can determine the divergence angle of the waveguide θ and hence, its NA (= sin θ). The experimental test yields an NA of 0.19.
Theoretically, and according to the refractive index distribution highlighted earlier, the NA should be around 0.165. The discrepancy between the theoretical and the experimental value is attributed to the variation of the refractive index distribution from their nominal values due to the alternating baking and cooling processes applied during the waveguide fabrication and the difficulty to define the cut-off intensity in the measurement procedure. To conclude, we reported about single mode optical waveguides using Epocore/Epoclad materials. The waveguides are fabricated by thin film deposition and they are sandwiched between two glass substrates to sustain the environmental conditions and the subsequent polishing step. The waveguides exhibit an average insertion loss of 2.33 dB and a NA of 0.19. As a perspective, the developed polymeric waveguides can be combined with gold nano-structures. Then, they can be potential candidates for on-chip optical spectrometry.
